ABSTRACT. The genetic relationship between cold tolerance (CT) during seed germination and vegetative growth in tomato (Lycopersicon esculentum Mill.) was determined. An F 2 population of a cross between accession PI120256 (cold tolerant during both seed germination and vegetative growth) and UCT5 (cold sensitive during both stages) was evaluated for germination under cold stress and the most cold tolerant progeny (the first 5% germinated) were selected. Selected progeny were grown to maturity and self-fertilized to produce F 3 families (referred to as the selected F 3 population). The selected F 3 population was evaluated for CT separately during seed germination and vegetative growth and its performance was compared with that of a nonselected F 3 population of the same cross. Results indicated that selection for CT during seed germination significantly improved CT of the progeny during germination; a realized heritability of 0.75 was obtained for CT during seed germination. However, selection for CT during germination did not affect plant CT during vegetative growth; there was no significant difference between the selected and nonselected of time (i.e., extended growing season) and thus, the final yield may be higher. Production may also be improved because early plantings avoid high temperatures, which can reduce fruit set during midsummer. Finally, CT may result in water savings in areas with a Mediterranean climate, because early plant growth makes better use of early-season rains and water available in the root zone.
Most commercial cultivars of tomato, Lycopersicon esculentum, are sensitive to chilling temperatures (0 to 15 °C) during all stages of plant development, including seed germination, vegetative growth, and reproduction. During seed germination, for example, under low temperatures many seeds do not germinate or germinate so sporadically that plants grow differentially, delaying plant establishment and leading to variability in crop maturation. During later stages, plant growth and development are highly retarded and limited or no flowers and fruit are produced. Chilling sensitivity may limit the geographic distribution of tomato cultivation and the time of year for planting in temperate regions. Furthermore, spring soil temperatures, which are often below 15 °C, may restrict direct seeding of tomato (Liptay et al., 1982) . Chilling sensitivity also affects greenhouse tomato production, as cold sensitive cultivars may require expensive greenhouse heating throughout the life of the plant.
Development of tomato cultivars with improved cold tolerance (CT) may offer significant advantages for tomato production under suboptimal temperatures in the field or in the greenhouse (Foolad and Lin, 2000b) . For example, cold tolerant plants may grow more rapidly at early stages and thus become established faster than cold sensitive plants. This may result in improved earliness, adaptability, water use, and yield of high-quality fruit when grown under suboptimal temperatures. Furthermore, cold tolerant cultivars could be planted early and harvested early when the crop may have higher values. Also, the crop could be grown in the field for longer periods vegetative growth. However, a few accessions, including L. hirsutum Humb. and Bonpl. PI127826 and LA1777 and L. esculentum PI174263 and PI120256 , were identified with CT during both seed germination and vegetative growth. The purpose of the present study was to determine the genetic relationship between CT during seed germination and vegetative growth in PI120256, by examining the response and correlated response to selection for CT in segregating progeny derived from a cross between PI120256 and a cold sensitive tomato line, UCT5.
Materials and Methods

PLANT MATERIALS.
Crosses were made between L. esculentum UCT5 (pistillate parent) and PI120256, and F 1 seeds produced. UCT5 is an advanced tomato breeding line from the University of California, Davis, that is cold sensitive during all stages of plant development, and PI120256 is a primitive tomato cultivar from Turkey that exhibits CT during seed germination and vegetative growth Lin, 2000a, 2000b; Scott and Jones, 1985a) . Original seed of UCT5 and PI120256 were received from C.M. Rick Tomato Genetics Resource Center, University of California, Davis, and U.S. Department of Agriculture Plant Genetic Resources Unit, Geneva, N.Y., respectively. Seed of the F 2 generation was produced by controlled self-pollination of field-grown F 1 plants in Summer 1996. Nonselected F 3 seeds were produced by bulk-harvesting ripe fruit from 200 random F 2 plants grown under field conditions in Summer 1997. Selected F 3 seeds were produced as described below in Summer 1997. Large quantities of seeds of the parental lines (UCT5 and PI120256) were produced by growing and self-pollinating plants under field conditions in Summer 1997. To produce seeds of similar physiological age and quality for germination assays, fruit of the same maturity level in all cases were harvested from fieldgrown plants and seeds extracted.
GERMINATION EVALUATION OF THE PARENTAL F2 POPULATION. Sterile germination medium (0.8% agar) was prepared and poured in 15 × 1.0-cm petri plates. Seeds of the F 2 generation were surfacesterilized with 0.5% NaOCl solution for 10 min, rinsed with sterile, distilled water, and briefly blotted. Seeds were plated onto petri plates under aseptic conditions. For each treatment, 400 F 2 seeds were plated onto five petri plates (80 seeds per plate). Petri plates were arranged in completely randomized designs in incubators maintained in darkness at either 11 ± 0.5 °C (cold-stress treatment) or 20 ± 0.5 °C (control treatment) (seeds were exposed to light only during data collection). These temperature regimes were determined previously as being the most optimal for comparison of tomato seed germination Bradford, 1990, 1994; Jones, 1982, 1985b) . Germination response was scored visually, as radicle protrusion, at 8-h intervals each day for 37 consecutive days. In each treatment, the time to 50% germination (T50) was calculated as described below.
SELECTION FOR RAPID SEED GERMINATION UNDER COLD STRESS IN THE PARENTAL F2 POPULATION.
The first 20 F 2 seeds (5% of the total) that germinated under cold stress were selected as the most coldtolerant individuals. Selected seedlings were transferred to a greenhouse and subsequently to the field (Summer 1997) where they were grown to maturity. Plants were self-pollinated and F 3 family seeds were collected from individual plants. Samples of the 20 selected F 3 families (hereafter referred to as the selected F 3 population) were evaluated separately for CT during seed germination and vegetative growth as described below.
PROGENY TEST 1: EVALUATION OF THE SELECTED AND NONSELECTED F 3 PROGENY DURING GERMINATION. Selected and nonselected F 3 progeny and the parental lines (UCT5 and PI120256) were evaluated for seed germination under both control and cold-stress conditions. In each treatment, 480 seeds of each of the 20 selected F 3 family, 480 seeds of the nonselected F 3 population, and 240 seeds of each parent were included. Seed plating and arrangement of petri plates were as described for the F 2 population. All progeny tests were repeated for a second time. Thus, a total of 960 seeds of each of the selected F 3 families (for a total of 19,200 F 3 seeds), 960 seeds of the nonselected F 3 population, and 480 seeds of each parent were evaluated for germination in each treatment.
When calculating the time to germination, seeds that germinated within an interval were presumed to have germinated at the midpoint of that interval. Seeds that failed to germinate in the control treatment were assumed to be nonviable. Thus, the percentage of nonviable seed was determined from the control treatment (in all cases nonviability was <5%). Above this percentage, seeds that failed to germinate in the cold-stress treatment were included in the analysis as right-censored observations (i.e., seeds that presumably were viable but failed to germinate by the last observation time; see statistical analysis below). Hence, the sample size for each replicate was the number of viable seeds, not the number of seeds that were sown or germinated.
Germination distributions of the parental lines and the selected and nonselected F 3 populations were analyzed by survival analysis (Gehan, 1969) . This is a nonparametric procedure that measures time to a percentage germination and provides estimates of descriptive statistics for responses over time. These statistics include the number of seeds exposed to risk (potentially able to germinate), the number germinated, and the number withdrawn (i.e., censored observations due to lack of germination of viable seeds by the end of experiment). The median time in days to 50% germination (T50) was derived from this analysis to represent mean germination rate in the control and cold-stress treatments. Means and variances were determined for samples within each replicate (petri plate) and pooled over replicates (Foolad and Lin, 1997) .
For each of the parental lines and the selected and nonselected F 2 and F 3 populations a germination tolerance index (TI G ) was calculated as the inverse of the ratio of germination time (T50) under coldstress to germination time under control conditions. This is a measure of relative CT of a genotype (or a population) during germination: the larger the index, the higher the CT (Rawson et al., 1988) .
Response to selection (genetic gain, R) during seed germination was measured as the difference between the mean T50 (or TI G ) of the selected F 3 population and that of the nonselected F 3 population (e.g., R = T50 of the selected F 3 population -T50 of the nonselected F 3 population). Statistical significance of the genetic gain (for T50) was determined by an unpaired t test using the formula for unpaired observations and unequal variances (Steel and Torrie, 1980) . Realized heritability (H R ) for CT during seed germination was calculated using the formula H R = R/S (Falconer, 1989) , where R is the response to selection, and S is the selection differential (i.e., S = T50 of the selected F 2 individuals -T50 of the F 2 population before selection). Because F 2 parents and F 3 progeny were evaluated in different times (different years), to reduce the scaling effects of different environments, the realized heritabilities were computed based on standard-unit data (Foolad, 1996; Frey and Horner, 1957) .
PROGENY TEST 2: EVALUATION OF THE SELECTED AND NONSELECTED F 3 PROGENY DURING VEGETATIVE GROWTH. Seeds of the 20 selected F 3 families, the nonselected F 3 population and parental lines were sown in greenhouse seedling trays containing a medium of 1 peat : 1 perlite : 1 vermiculite (by volume). Initially plants were grown in a greenhouse with 12 h days/12 h nights of ≈28/18 °C and a daily average irradiance of ≈350 mmol . Plants were fertigated using commercial recommendations for tomato (Jones, 1999) . Three-week-old seedlings were transplanted into 1-L plastic pots containing the same growing medium. Three days after transplantation, plants were transferred to two walk-in growth chambers with 12 h days/12 h nights of either 12/5 °C (cold-stress treatment) or 28/ 18 °C (control treatment). In both chambers, a 12 h photoperiod was provided with a photosynthetic photon flux of ≈350 µmol . m -2.
s -1 and a relative humidity of ≈50%. In each chamber, plants were arranged in a randomized complete block design with nine blocks. A block (replicate) contained one plant from each of the 20 selected F 3 families, 15 plants of the nonselected F 3 population and 5 plants of each parental line. Thus, in each treatment, 180 selected and 135 nonselected F 3 plants and 45 plants of each parent were used. Plants were fertigated using commercial recommendations for tomato. Plants were grown for 3 weeks before they were individually harvested for shoot (leaf + stem) FW determination. All experiments were repeated a second time, thus a total of 360 selected and 270 nonselected F 3 plants and 90 plants of each parent were evaluated for growth in each treatment.
Means and variances for shoot FW of the selected and nonselected F 3 populations and the parental lines were determined for samples within an experimental unit (one replicate) and pooled over replications, as described elsewhere (Foolad and Lin, 1997) . For each of the parental lines and the selected and nonselected F 3 populations, a vegetative growth tolerance index (TI VG ) was calculated as the ratio of shoot FW under cold to shoot FW under control, and used as a measure of relative CT. Correlated response (CR) to selection was calculated as the difference between shoot FW (or TI VG ) of the selected F 3 population and that of the nonselected F 3 population under cold stress (e.g., CR = FW of selected F 3 population -FW of nonselected F 3 population). Statistical significance of the genetic gain (for shoot FW) was determined by an unpaired t test using the case formula for unpaired observations and unequal variances (Steel and Torrie, 1980) .
Results
GERMINATION OF THE PARENTAL LINES AND NONSELECTED PROG-ENY.
Seed of PI120256 germinated more rapidly than seed of UCT5 in both control and cold-stress treatments; the difference between the two, however, was greater under cold stress (Table 1) . Germination tolerance index (TI G ) of PI120256 was also 10% larger than TI G of UCT5. In both treatments, seeds of the nonselected F 2 and F 3 populations germinated intermediate between the two parents and exhibited tolerance indices similar to UCT5 (Table 1) .
VEGETATIVE GROWTH OF THE PARENTAL LINES AND NONSELECTED PROGENY.
Plants of PI120256 grew more rapidly (produced more shoot FW) than plants of UCT5 in both control and cold-stress treatments (Table 2) , indicating greater plant vigor for PI120256. The shoot FW of both parents was reduced in response to cold stress; however, the reduction was less in PI120256 (44%) than in UCT5 (61%) indicating a greater CT for PI120256 (Table 2) . For the nonselected F 3 population, the reduction in shoot FW due to cold stress was intermediate (51%) between the two parents, indicating that CT of PI120256 was inherited in an additive fashion (Table 2) .
EFFECT OF SELECTION FOR COLD TOLERANCE DURING GERMINATION ON PROGENY SEED GERMINATION.
Selection for rapid seed germination under cold stress (in the F 2 population) significantly improved germination performance of the F 3 progeny under cold stress; there was a 19.1% improvement in the rate of seed germination (T50) of the selected F 3 population, compared to that of the nonselected F 3 population (Table 1 ). A realized heritability (H R ) of 0.75 was obtained for CT during seed germination. Selection for rapid seed germination under cold stress also resulted in a significant (13.9%) improvement in T50 of the progeny under nonstress conditions ( Table 1 ), indicating that genes that contributed to rapid germination under cold-stress also facilitated rapid germination under control conditions. Furthermore, selection for rapid seed germination under cold stress improved progeny TI G by 6.7% (Table 1) .
EFFECT OF SELECTION FOR COLD TOLERANCE DURING GERMINATION ON PROGENY VEGETATIVE GROWTH.
Selection for rapid seed germination under cold stress did not affect progeny CT during vegetative growth; the selected F 3 progeny families exhibited similar CT as the nonselected F 3 population, based on both absolute growth (FW under cold stress) and relative growth (FW under cold stress as a percentage of FW under control, the TI VG ) (Table 2) . Furthermore, selection for CT during germination did not affect plant growth (FW) under control conditions (Table 2) .
Discussion
Plant response to cold stress can be measured in either absolute or relative terms. For example, CT during seed germination may be defined by the germination time (e.g., T50) under cold stress (a measure of absolute CT) or by the relative increase in germination time under cold-stress compared to control conditions (a measure of relative CT, also called germination tolerance index, TI G ). Similarly, CT during vegetative growth may be measured either as plant weight under cold stress (absolute CT) or as the relative decrease in plant weight under cold stress compared to control conditions [relative CT, also called vegetative growth tolerance index (TI VG )]. While TI G and TI VG are good measures of relative CT, they may not be useful solely for breeding purposes. For example, a genotype that germinates rapidly under cold stress but exhibits small TI G may be more useful than a genotype that exhibits large TI G but germinates slowly under both control and cold-stress conditions. Ideal genotypes are those capable of rapid germination under cold stress and with high TI G . Similarly, CT breeding during vegetative growth must be based on both absolute and relative CT criteria. Absolute growth under cold stress is a function of both plant vigor and CT. Genes controlling plant vigor may be different from genes conferring stress tolerance (Forster et al., 1990) . Thus, absolute growth under cold stress may not be a good indication of CT when considered alone. Similarly, TI VG alone may not be a good selection criterion for CT breeding because a genotype may exhibit large TI VG but does not grow much in either control or cold-stress treatment. When breeding for efficient production under cold stress, genes for both plant vigor and CT are important.
Accession PI120256 was more CT than breeding line UCT5 during seed germination as judged based on both its T50 under cold stress (ca. 34% more rapid germination) and its TI G (10% larger); this is consistent with previous reports on CT of this accession during seed germination , 1999b , 2000b Scott and Jones, 1985a) . Thus, PI120256 is potentially a useful source of germplasm for breeding tomatoes for rapid seed germination under cold stress. Similarly, PI120256 was more CT than UCT5 during vegetative growth as judged based on both its absolute growth under cold stress (ca. 89% larger) and its TI VG (ca. 44% larger), consistent with previous results Lin, 2000a, 2000b) . Previously, we examined genetic bases of CT of PI120256 during both seed germination and vegetative growth (Foolad and Lin, 2000a) and determined that at both stages, CT of PI120256 was under additive genetic controls. The present study substantiates the previous results by the following two findings. First, during both seed germination and vegetative growth the nonselected F 2 and F 3 populations exhibited CT intermediate to the parents, indicating that CT characteristics of PI120256 were transmitted to the progeny in an additive fashion. Second, selection for CT during seed germination was effective and significantly improved CT of the progeny during germination (see below). The latter observation also demonstrated the effectiveness of the selection as practiced in this study.
In a previous study, we demonstrated that the rate of tomato seed germination under cold stress was determined by two types of genes [quantitative trait loci (QTLs)], those that affected germination vigor in general (referred to as stress-nonspecific QTLs) and those that affected CT (referred to as stress-specific QTLs) (Foolad and Lin, 1999a) . Thus, selection for improved germination under cold stress may affect allele frequencies of both stress-nonspecific and stress-specific QTLs. Furthermore, in another study we demonstrated that selection for rapid germination under nonstress (control) conditions did not affect the rate of tomato seed germination under cold stress . We conclude that, in the present study, selection for improved germination under cold stress increased CT as well as germination vigor of the progeny.
Because PI120256 is CT during both seed germination and vegetative growth, it is expected that F 2 individuals, derived from crosses between PI120256 and UCT5, would segregate for CT during both stages. Theoretically, if the same genes control CT during both germination and vegetative growth, any genetic change (e.g., by selection) in CT at one stage should affect CT at the other stage. In this study, selection for CT during seed germination (i.e., rapid germination under cold stress) did not affect CT of the progeny during vegetative growth; that is, the selected F 3 population was as cold tolerant (or cold sensitive) as the nonselected F 3 population ( Table 2 ). The results indicate that, in these genetic materials, genes affecting rapid germination under cold stress do not influence plant growth under cold stress. Thus, CT during vegetative growth may not be improved by selecting for improved germination under cold stress. It is conceivable that different genetic and physiological mechanisms control CT during seed germination and vegetative growth. Because parents (F 2 ) and progeny (F 3 ) populations were evaluated in different times (different environments), the response and correlated response to selection were not biased by G × E interactions (Casler, 1982) and minimally inflated by environmental correlations among parents and progeny (Vogel et al., 1980) . Thus, the results are genuine and should be useful to breeders interested in developing tomato cultivars with enhanced CT during seed germination and/or vegetative growth. To the authors' knowledge, this is the first report of the absence of a genetic relationship between CT during seed germination and vegetative growth in tomato. However, it should be validated in other tomato germplasm before an unequivocal conclusion regarding this relationship can be drawn. Previously, by examining the response and correlated response to selection (Foolad and Lin, 1997) and by the comparison of the contributing QTLs (Foolad, 1999; Foolad and Lin, 1999a) we determined that, in different intraand interspecific populations of tomato, salt tolerance during seed germination was genetically independent of salt tolerance during vegetative growth. It is likely that this is also true for CT. Thus, when breeding for improved stress tolerance, each stage of plant development should be evaluated separately for assessment of tolerance and identification and utilization of useful genetic components. Simultaneous or sequential selections at individual developmental stages may lead to a single cultivar with improved tolerance throughout the ontogeny of the plant.
In conclusion, results herein clearly indicated that in PI120256 cold tolerance during vegetative growth was independent of CT during seed germination. Thus, when breeding for improved CT in tomato, selection protocols that include all critical developmental stages are necessary. However, a thorough understanding of the genetic relationship between CT at different stages requires identification, genetic mapping, cloning, and characterization of functional genes conferring tolerance at each stage. Such information may also be useful for development of cultivars with improved CT throughout the ontogeny of the plant including fruit set and ripening.
